Many neuropsychiatric symptom states are id iosyncratic, involuntary, randomly occurring, subjective, and transient. The brain states associated with these clin ically important mental states cannot be imaged directly with existing positron emission tomography (PET) tech niques. A new PET method that brings such mentallbrain states under experimental control for analysis in single subjects is described. It utilizes a slow bolus H2 150 three dimensional (3D) regional CBF imaging technique. The analysis focuses upon natural or experimentally induced variance in the temporal distribution of specific neuro psychological events over the course of a study session. For each scan, the amount of radioactivity entering the brain during these events is calculated to derive a score reflecting the contribution of the events to the image. A Regional CBF (rCBF) imaging of brain activity with H 2 150 positron emission tomography (PET) has provided valuable in vivo information about normal and abnormal human functional neuroanat omy. Most studies of this type are based upon within-group or between-group comparisons of rCBF images obtained at rest or during psycholog ical or pharmacological challenge (Posner et aI.,
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1988; Grasby et aI. , 1992) . With noninvasive meth ods that provide reasonable linearity to blood flow, changes in local image counts between scans reflect rCBF changes associated with these challenges (Mazziotta et aI., 1985; Fox and Mintun, 1989) . A form of subtraction analysis is often used to deter mine such net differences in rCBF distribution as sociated with two or more carefully controlled, con tinuously performed, experimentally induced men tallbrain states (Mintun et aI., 1989; Friston and Frackowiak, 199 1) . Correlational analyses may also be employed to detect brain regions that covary with each other or with clinical ratings or perfor mance scores (Horwitz, 199 1; Moeller and Strother, 199 1; Liddle et al. , 1992) .
There are, however, mental and brain states of clinical interest that cannot be studied directly with activation-subtraction or existing correlational techniques. Hallucinations, for example, are idio syncratic, involuntary, randomly occurring, subjec tive, and transient. They cannot be induced, main tained, or inhibited so as to produce adequate rest or representative activation conditions. Moreover, they occur on a time scale below the temporal res olutio. n of traditional integrated PET measure ments. To image symptoms with these characteris tics, a method of observation and analysis that can detect activity associated with such events in single subjects is required. The aim of this study was to develop and validate such a method.
Recent advances in PET methodology provide a foundation for the method. Statistical significance can be achieved in single-subject H 2 150 PET stud ies (Silbersweig et al., 1993) utilizing the increased sensitivity of three-dimensional (3D) count acquisi tion with interplane septa retracted (Townsend et al. , 1989 Bailey et al., 199 1) . With a 3D method characterized by the slow bolus intrave nous administration of low doses of H 2 150, it has been shown that only those brain states occurring during the delivery of radiotracer to the brain (a temporal window of -30 s) contribute significantly to the resultant image (which is acquired over 90 s) (Silbersweig et al., 1993) . Events occurring before or after the temporal window do not contribute sig nificantly to the image.
With the sensitivity and temporal discrimination of this 3D slow bolus technique, a strategy can be developed for single-subject, event-related data ac quisition and analysis. The strategy focuses upon events occurring within the critical temporal win dow of radiotracer delivery and upon the factors affecting their contribution to the integrated PET image. Its validation requires the detection, in sin gle subjects, of brain areas known to be associated with a particular mental state, when that mental state occurs fleetingly in various temporal patterns. Therefore, in this study, stimuli for an auditory sen tence-monitoring task were delivered intermittently to single subjects for brief, variable periods of time. The new method of analysis was then used in an attempt to detect the known areas of brain activa tion associated with task performance.
THEORY
The method of analysis is based upon a number of methodological considerations. Changes in patterns of synaptic activity associated with mental events are reflected by changes in the distribution of rCBF (Raichle, 1987) . This vascular response may begin J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 to follow within 200 ms and may have a complex waveform lasting several seconds, depending upon the nature and pattern of the activity (Ngai et al. , 1988; Raichle, 199 1) . The brain state at the moment of (and just prior to) radiotracer delivery thus de termines the pattern of distribution of the H 2 150. Areas of higher cerebral activity will have more rCBF tracer deposition and positron emission than areas of lower cerebral activity at a given level of radiotracer delivery. If radiotracer delivery changes over time, the amount of radiotracer delivered dur ing focal cerebral activation also affects the result ing local signal. Activation events occurring during moments of greater radiotracer delivery will be as sociated with more H 2 150 deposition and positron emission than events of the same duration occurring during moments of less radiotracer delivery. The integrated tissue radioactivity recorded in the scan represents the summed contributions of transient CBF over the acquisition time Raichle et al. , 1983) . Therefore, a dynamic process involving brain states and radiotracer deliv ery largely determines the pixel intensities of the resultant integrated PET image. Radioactive decay, radiotracer diffusion, and washout also affect local signal (Lammert sma and Mazoyer, 1990 ), but to a lesser degree over short scanning times. The con tribution of transient periods to the total integration (on the basis of the single-compartment model, with known scanning length and radiotracer administra tion speed) can be estimated and expressed as a product of a contribution weight, wet), and transient (or instantaneous) CBF, CBF(t), (lida et al., 199 1): with where Clt) is the tissue concentration, Ca(t) is the arterial input function, f is the mean (or assumed constant) CBF, p is the partition coefficient, "A. is the decay constant of ISO, and t is a time within the scan period [0,1} For a bolus injection, the contri bution weight has a sharp peak, corresponding to the peak of the arterial input function, independent of scan length; and the large majority of the contri bution occurs during the rising phase of the global H 2 150 head time-activity curve (lid a et al., 1991) .
For qualitative image comparisons using the slow bolus technique, the relative contribution to an im age of neuropsychological events during the tempo-ral window of radiotracer delivery can therefore be estimated by considering the timing of the events, the duration of the events, and the amount of H/50 entering the brain during the hemodynamic re sponse to those events. A number of techniques are available for recording the temporal pattern of events, and the arrival of radiotracer in the brain is reflected noninvasively by the derivative of the time-activity head curve. With this information, a weighted score that reflects the contribution of events can be computed for each scan. The deriva tion of this score is given in Methods. Over 12 scans in a study session, these scores may vary due to natural or experimentally induced variance in the occurrence and timing of events. This allows for an analysis in which the correlation between the 12 intensities for each pixel and the 12 scan scores can be assessed. A statistical map of brain regions sig nificantly associated with the events can then be constructed.
METHODS

Subjects
The subjects were five right-handed male volunteers aged 22-50 years who gave informed consent. Four had no history of psychiatric or neurologic illness. Subject 5 had a remote history of head trauma and is without neu rologic or psychiatric sequelae.
H2
15 0 administration A slow bolus technique was used (Silbersweig et aI., 1993) . Fifteen millicuries of H 2 150 in 3 ml of normal saline was loaded into intravenous tubing over 20 s and then flushed into the subject over 20 s at a rate of 10 mllmin by an automatic pump. A rise in count rate was detected in the head during the last 10 s of the flush. The time from rise to peak count rate was 30-40 s (depending on indi vidual circulation time). The interval between successive H/ 50 administrations was 10 min. The procedure for ad ministering radioactivity was covered under an approval by the local ethical committee and the Administration of Radioactive Substances Advisory Committee U.K.
Data acquisition and image reconstruction
Scans were obtained with a PET scanner (953B; Sie mens-Cn, Knoxville, TN, U.S.A.) with the interplane septa retracted (Spinks et aI., 1992) . This scanner utilizes block technology detectors and contains 16 individual rings, each 6.5 mm thick axially, resulting in a total of 31 measured planes (direct and cross). In 3D mode, the scan ner is able to acquire sinograms between any pair of op posing detectors, resulting in a total of 256 sinograms (Bailey et aI., 1991) .
A 20-min transmission scan using rotating rods of 68Gel 68Ga was performed for attenuation correction. A 30-s frame for background activity correction was obtained before each administration of H/ 50. After a 30-s delay, emission data were acquired in a 90-s frame, beginning 0-5 s before the rising phase of the head curve. The head curve recorded the whole-brain net true count rate over time.
The images were reconstructed into 31 slices with a 3D algorithm (Townsend et aI., 1991) in which back projection was performed at nonorthogonal angles to the axis of the scanner. A Hanning filter with a cutoff fre quency of 0.5 cyc1e/s was used at this stage, giving a transaxial resolution of 8.5 mm full width at half maximum. The reconstructed images contained 128 x 128 pixels, each measuring 2.09 x 2.09 mm.
Cognitive task and delivery of stimuli
The subjects were in a supine position with their heads in customized head molds. An intravenous line was placed in the right antecubital vein. Their eyes were closed, earphones were inserted, and a button-pressing device was held in their right hand. The button was linked to a pulse generator that produced a signal (logged every second) that could be superimposed upon the simulta neously recorded total head counts. The room was dark with very low level background noise.
The subjects were instructed to relax, listen, and press the button with their right thumb if, and for as long as, they heard sentences through the earphones. Prerecorded short sentences (mean length 3.7 words, range 2-12 words) of random content, spoken with normal prosody at a rate of 2.1 words/s, were presented binaurally in varying temporal patterns. This resulted in an irregular alternation between two mental states: auditory attention/ preparatory set and (events 00 auditory sentence moni toringlbutton pressing. The temporal patterns of sentence presentation varied across scans and across subjects as follows:
Subjects 1 and 2: Stimuli were presented intermittently for 2-10 s at a time in a pseudo-random pattern during the rising phase of the head curve. The study session con sisted of II scans (Subject 1) or 12 scans (Subject 2), in which the total stimulation time per scan ranged (in a pseudo-random order) from 0 to 25 s/scan. Subject 3: Stimuli were presented for 2 s at a time in a pseudo-random pattern during the rising phase of the head curve. The study session consisted of 12 scans, in which the total stimulation time per scan ranged (in a pseudo-random order) from 0 to 16 s/scan. Subject 4: Stimuli were presented intermittently for 2-10 s at a time in a pseudo-random pattern during the entire 90-s acquisition period. The study session consisted of 12 scans, in which the total stimulation time per scan ranged (in a pseudo-random order) from 0 to 50 s/scan.
Subject 5: Stimuli were presented intermittently for 2 s at a time in a pseudo-random pattern during the entire 90-s acquisition period. The study session consisted of 12 scans, in which the total stimulation time per scan ranged (in a pseudo-random order) from 0 to 44 s/scan.
Image processing
Image processing and analysis were performed on a SPARC 2 Workstation (Sun Microsystems, Europe, Sur rey) using statistical parametric mapping (SPM Software; MRC Cyclotron Unit, London, England) and an interac tive image display software package (ANALYZE; Biody namic Research Unit, Mayo Clinic) (Robb, 1990) . Calcu lations and image matrix manipUlation were performed in PRO MAT LAB (Mathworks, New York).
The 31 original contiguous 3. 5-mm scan slices were in-terpolated to 43 planes. To correct for any head move ment between scans, all images were aligned on a voxel by-voxel basis using a 3D automated algorithm (AIR Soft ware) (Woods et a!., 1992) . The intercommissural (anterior-posterior commissure) line was identified (Fris ton et a!., 1989) and the volume transformed into the stan dard stereotaxic space utilized in the atlas of Talai rach and Tournoux (1988) . The stereotaxically normal ized images contained 26 planes of 2 x 2 x 4-mm voxels corresponding to the horizontal sections in the atlas. Each image was smoothed with a Gaussian filter of 15 x 15 x 9 mm to increase the signal-to-noise ratio. Differences in activity due to slight variations in the dose administered for each scan were removed with a dose correction algorithm. This algorithm (J. D. G. Wat son, personal communication, 1993) provided a linear ad justment of the relative counts per pixel in each image according to the total infused radiation dose for that scan. The effect of variance in global activity was removed fol lowing an analysis of covariance (Friston et aI., 1990) in which the images were scaled to a global mean of 50 ml 100 g -1 min -1, adjusted rCBF values were determined for each pixel, and a regression analysis was performed to assess the rCBF variance across scans.
Calculation of scan score/image analysis
The adjusted rCBF images were analyzed utilizing data from their associated head curves and from the superim posed, simultaneously logged pulse signals denoting per ception of the stimuli. These data indicate the duration of each event and its timing in relation to changing ra diotracer delivery. With this information, a scan score was derived and used in the subsequent analysis to rep resent the expected contribution to each image of the auditory sentence-monitoring events occurring during the formation of that image. The scan score represents the amount of activity (net change in true count rate) arriving in the brain during events within the temporal window of radiotracer delivery, as a proportion of the total amount of activity arriving during the temporal window. Values from the head curve or its derivative can be used to cal culate the score (Fig. 1) . The count rate values are back ground and dead time corrected. The proportion corrects 140 for slight variations from scan to scan in the maximum count rate recorded. The scan score is calculated as fol lows:
is the head curve value at time x (trues/s), t p . is the time of button press i (s), tr is the time of button 'release i (s), to is the time of takeoff of the head curve (s), and t f is the time of peak of the head curve (s).
After the calculation of scan scores, a pixel-by-pixel analysis was performed for all scans of each subject to assess the correlation between scan pixel intensities (rep resenting rCBF) and scan scores (representing the ex pected contribution of events). A volumetric projection [statistical parametric map (SPM{r})] (Friston et aI., 1991) was created for each subject, showing only those areas in which the pixel intensities varied with scan scores in a statistically significant manner. This constitutes a map of the brain state associated with the events. The correlation coefficients of the SPM{r} were transformed to the t dis tribution, and the omnibus significance of the correla tional structure was assessed by comparing the expected and observed number of pixels above the significance threshold of p < 0.001 using the x 2 -statistic.
Modeling different vascular response profiles
This method utilizes temporal information about the occurrence of neuropsychological events to capture the brain state associated with them. It is, however, the rCBF response to those events that determines the radiotracer delivery and hence the reSUlting signal. An accurate esti mate of the coupling of rCBF to neuronal activity is there fore important. Three temporal coupling models were in corporated into the analyses of data from Subjects 1,2,3, and 5 to determine the effect of their assumptions on the SPM{r}s. To optimize the method, the results obtained with these models were compared with each other This can also be represented by the sum of the integrals of the differentiated head curve from each pulse start time to each pulse fin ish time (shaded areas), as a proportion of the total integral of the differentiated head curve. For this scan, the score was 0.1883. Note that the contribution of the first shorter pulse was greater than that of the second longer pulse because it occurred during a period of relatively greater radiotracer deliv ery. Scores were calculated in this manner for each scan and were used in the subse quent correlational analysis.
and with those obtained with the assumption of an instan taneous vascular response. Model 1 introduced a delay in both the onset and the offset of the vascular response associated with an event. Before head curve data sampling and scan score deriva tion, the pulses denoting event occurrence were shifted to the right by a given number of seconds. Separate analyses were performed for shifts of 0, 1,2,3,4, and 5 s.
Model 2 assumed a vascular response onset time of < J s. Since the event pulse data were logged to the nearest second, no shift in onset time was assumed. The vascular response offset time, however, was delayed by a given number of seconds. Separate analyses were performed for extensions of 0, J, 2, 3, 4, and 5 s. In this model, if the pulses of two neuropsychological events overlapped, an additive rCBF response was assumed to occur during the overlapping seconds. These seconds were doubly weighted in terms of radiotracer delivery and their con tribution to the image.
Model 3, like model 2, assumed a vascular response onset time of <1 s and varying delays in response offset time. Again, separate analyses were performed for event pulse extensions of 0, J, 2, 3, 4, and 5 s. In contrast to model 2, however, if the pulses of two events overlapped, an additive rCBF response was not assumed. For each overlapping second, the rCBF level was assumed to be the same as the activated level during nonoverlapping pulses. The radiotracer delivery during each second was only considered once, even during overlapping pUlses.
For each analysis (at a threshold of p < 0.001) in each subject, the whole-brain significance profile (X 2 ) and the maximal t values in the main regions of activation were obtained. The mean whole-brain x 2 -values and mean maximal t values were then calculated for the group of four subjects. A repeated-measures analysis of variance was performed to assess the significance of differences in the mean values associated with 0-to 5-s shifts or exten sions for each model.
RESULTS
Areas of cerebral activation
In all single subjects, similar task-specific areas of brain activation were detected at a significance level of p < 0.00 1, omnibus. These included bilat eral auditory (primary and association) and lan guage cortices [superior and middle temporal gyri and supramarginal gyrus, Brodmann areas (BAs) 21, 22, 40, 41, and 42], and left superior sensorimo tor and premotor cortex in the region of the thumb representation (BA 1, 2, 3, 4, and 6). The left sen sorimotor cortex activation was present from 44 to 52 mm above the intercommissural line. Right sen sorimotor and/or premotor signal was seen in one subject (and, at a threshold of p < 0. 01, in all sub jects). Inferior frontal signal (BA 6, 44, 45) was de tected bilaterally in four subjects, on the left in the remaining subject, and, at a threshold of p < 0.01, bilaterally in all subjects. The temporoparietal sig nal extended to the insula, bilaterally in three sub jects and on the left in two subjects. Area 38 was activated bilaterally in two subjects. Cerebellar ac-tivation was seen in the two subjects who received patterns of 2-s stimulation (bilaterally in one, on the right in the other). In these subjects, thalamic signal was seen as well (right anterior in one subject, left ventrolateral in the other). It should be noted that the BAs cited are those associated with the coordi nates of the Talairach atlas. They are provided only as an approximation to aid in the interpretation of the functional and anatomical information obtained.
Maximal t values for each subject occurred in the temporoparietal regions and ranged from 9. 16 to 21.89. The strong correlation between scan score and pixel intensity at one such location for a series of scans in a single subject is shown in Fig. 2 . The maxima and regions of most significant activation for each subject at the p < 0.00 1 level are presented in Table 1 . Representative SPM{r} projections for a single subject are shown in Fig. 3 .
Temporal patterns
The same overall event-specific pattern of brain activation was detected in each subject regardless of the differing temporal patterns of stimulation. Highly significant results were obtained in all sub jects, including Subject 3 (whole-brain X 2 = 1,777), for whom the temporal pattern consisted of inter- Values are the I-score and Talairach atlas coordinates for regional maxima. The coordinates are in mm; x is the lateral distance from the midline (positive = right), Y is the anteroposterior distance from the anterior commissure (positive = anterior), and z is the height above the intercommissural line. R, right; L, left. mittent 2-s, pseudo-randomly occurring events, with total event duration per scan ranging from 0 to 16 s.
Vascular response profile models
Modell (onset and offset shifted). A significant difference was detected in a comparison of mean whole-brain significance profiles from analyses with vascular response shifts from 0 to 5 s (F ratio = 88.71, p < 0.000l). The pattern of variance is shown in Fig. 4 . Assumption of an immediate response (onset and offset shift = 0) resulted in the most significant profile. Significance decreased as the number of seconds of shift increased.
Mean maximal t values in the temporoparietal re gions of activation demonstrated the same signifi cant decrement as the magnitude of shift was in creased. The maximal t values in the left sensori motor region did not change significantly (see Ta  ble 2) .
Model 2 (onset not shifted, offset shifted with ad ditive weigh ting of overlapping vascular re sponses). There was no significant difference in mean whole-brain x 2 -values or in mean maximal t values for regions of activation as vascular response times were extended (see Table 2 ).
Model 3 (onset not shifted, offset shifted without additive weighting of overlapping vascular re-FIG. 3. Volumetric and surface statistical parametric map (SPM{r}) projections (Subject 1; P < 0.001, omnibus) of regional CBF increases with auditory sentence monitoring while pressing a button with the right thumb. This single-subject map of cerebral activation associated with transient, randomly occurring events was generated using the event-related count rate correlational technique. R, right. ..
Time Shift (seconds)
FIG. 4. Effect on mean whole-brain significance profiles (for four subjects at p < 0.001) of assuming delays in the vascular response time to neuronal activation. Significance levels fall as increasing delays in the onset and offset of radiotracer entry are assumed. See text and Table 2 for additional data relating to this model and to models assuming delays only in response offset. sponses). There was no significant difference in mean whole-brain X 2 -values or in mean maximal t values for regions of activation as vascular response times were extended (see Table 2 ).
For all three models, the Talairach coordinates of the activation maxima in individual subjects started to change (compared with those obtained assuming an instantaneous response) with shifts or extensions of > 1 s. Despite these changes, the maxima re mained within the same functional areas in most cases.
DISCUSSION
The results of this experiment demonstrate that transient, randomly occurring mental events can be brought into an experimental paradigm and imaged in single subjects with PET. This is accomplished with a new type of correlational analysis performed in the context of the increased sensitivity and well defined temporal window of a 3D slow bolus tech nique. The analysis has three major components: measurement of the timing and duration of events in relation to radiotracer delivery, derivation of a score for each scan based upon an understanding of which events affect the image and how those events affect the image, and use of a regression analysis to highlight those pixels that vary in intensity over the subject's scans in the same manner as do the sub ject's scan scores. The resultant SPM{r} reveals the brain state associated with the mental state of inter est at a given level of significance.
Validation and characterization of method
To validate the method of analysis, the same task was performed in a different temporal pattern by each of the five subjects. The similar SPM{r} results in all subjects indicate that while the varying tem poral pattern of events is utilized in the analysis, it does not interfere with the detection of the uniform spatial pattern of cerebral activation associated with the events. The auditory and language regions detected in this study are the same as those seen with a sentence-monitoring task in a subtraction paradigm (Silbersweig et aI., 1993) . They are also in accordance with the findings of studies employing similar, but single-word, cognitive paradigms (Ro land et aI. , 1981; Nishizawa et aI., 1982; Petersen et aI. , 1988; Frith et aI., 1991a; Demonet et aI., 1992; Zatorre et aI., 1992) . The thumb sensorimotor areas detected correspond to those demonstrated in a similar motor task (Colebatch et aI. , 1991) . The sig nal in ventral area 6 may represent smoothing or stereotaxic normalization effects upon signal from activation in the frontal operculum, superior tem poral gyrus, or insula. Alternatively, it may corre spond to an inferior premotor upper extremity rep resentation (Huang et aI. , 1988; Huntley and Jones, 1991) or a task-related sensorimotor integration function (Matelli et aI., 1986) involved in externally cued movements (Passingham, 1987) . Slight differ ences in the pattern of brain activation seen in dif ferent subjects may represent individual functional anatomical variability in the organization or strat egy of auditory language functions (Mazziotta et al. , 1982; Ojemann, 1983) . They may also represent physiologic changes associated with the temporal characteristics of the stimulation.
Highly significant results were obtained in all sin gle subjects utilizing data and scores based solely upon the period of radiotracer delivery. This was the case regardless of whether or not events oc curred later in the period of acquisition. These find ings confirm the presence of a well-defined tempo ral window associated with the slow bolus tech nique and indicate that only events occurring during the delivery of radiotracer to the brain need be con sidered in the analysis. The head curve is uniquely suited for this analysis as its rising phase defines the temporal window and as it provides the r!!levant real-time data noninvasively.
The results also indicate that, within the temporal window, all time is not equal. Events occurring dur ing periods of greater radiotracer delivery contrib ute more to the image than events of the same du ration occurring during periods of lesser delivery. The strong correlation between the observed pixel intensities in activated brain areas and the scan The F ratios and p values for each region of activation were generated by a repeated measures analysis of variance, using the maximal t values (from four subjects), and 0-to 5-s shifts as the variable for each model. a Significant at p < 0.05. See Fig. 4 for the pattern of variance associated with model 1, as reflected in the whole-brain significance profile.
scores indicates that the weighting employed in the score equation accurately reflects this contribution. The results also suggest that washout, decay, diffu sion, and recirculation do not contribute in a signif icant adverse fashion to the results of qualitative comparisons among the 90-s measurements. Fur ther subtle corrections for these factors are possi ble, but do not appear to be necessary for the suc cessful use of the method.
The results obtained using corrections for differ ent models of vascular response help to optimize the method. They may also provide information about the nature of rCBF responses to brain activity as measured by H 2 150 PET, keeping in mind a 300to 600-ms latency in the button-press response. For model 1 (varying delays in the onset and offset of vascular response), the assumption of no delay pro duced the most significant results. Significance fell with the assumption of greater delays. This is con sistent with the finding in animal optical imaging studies that CBF, unlike cerebral blood volume, may rise within the first 200-400 ms of neuronal activation (Frostig et ai., 1990) . It also demon strates the sensitivity of the method to differences in scan scores due to differences in the timing of constant-duration event pulses relative to ra diotracer delivery.
Models 2 and 3 assumed immediate onset and varying extensions of the vascular response. The treatment of overlapping vascular responses in these models was not meant to be exhaustive, but only to represent the extreme possibilities of no ad ditive and full additive effect. For these models there was no significant difference in the mean whole-brain and regional significance values ob tained with event pulse prolongations of 0-5 s. One Vol. 14, No.5, 1994 possible explanation for this observation is that these models systematically increased each of the scan scores, thereby preserving the overall relation ship between them and producing similar correla tions. Another possibility is that the limited number of subjects and differing intrasubject trends did not enable the detection of possible significant differ ences in the mean land maximal t values associ ated with different delay times.
It is notable, however, that for the four subjects with varying temporal patterns of auditory stimula tion, no model demonstrated any significant im provement over the assumption of an immediate vascular response (shift or extension = 0 s). This does not mean that the response is instantaneous in each instance. Rather, it suggests that the assump tion of no net delay in the response is acceptable. This is not unreasonable considering optical imag ing data from awake monkeys indicating that the CBF response to a brief (2-s) event may extend be yond the event, while the response to a longer (6-or 8-s) event may decline before the end of the event (Grinvald et ai. , 199 1) . One must also consider the paucity of data regarding the CBF response to re petitive events and the likelihood of different vas cular response profiles in different regions. The as sumption of no net delay in vascular response is there fore appropriate for this method, which is designed to detect activations associated with any temporal pattern of event occurrence in any region of the brain.
The results for Subjects 3 and 5 indicate that the brain state associated with randomly occurring events as brief as 2 s in duration can be detected. This is achieved not by virtue of direct temporal resolution, but by utilizing information regarding a dynamic process reflected in an integrated measure.
The results from Subject 3 also indicate that a spread of 0-16 s/scan over 12 scans provides suffi cient variance for a study. The sensitivity of the method may be even greater; however, a determi nation of the minimum necessary variance was not an aim of this study.
This PET method operates in the same effective temporal range (on the order of seconds) as fu nc tional magnetic resonance imaging. Magnetic reso nance imaging provides high-speed acquisition with direct temporal resolution, but its temporal discrim ination of cognitive events is limited by the time scale of the hemodynamic response (Belliveau, 1993) and by the time that it currently takes to scan the entire brain. This PET method provides the abil ity to generate an image of brief, randomly recur rent activations throughout the entire brain with fa vorable signal-to-noise characteristics. It also offers a quieter, less confining environment. The PET re sults can be coregistered with a structural magnetic resonance image to provide additional anatomical information or they can be interpreted in 3D stereo taxic space.
Applications of method
The event-related count rate correlational method may be used to determine the functional neuroanatomy associated with a wide range of neuropsychological states. These states may be dis tributed as events over time as a result of natural variance or of experimentally induced variance.
It is when the natural occurrence of events is not predictable that the method can be most helpful, for it permits the study of neuropsychiatric symptoms or subjective mental states that would not otherwise be under experimental control. Hallucinations, de lusions, obsessions, compulsions, tics, and partial seizures, for example, may be imaged in vivo for the first time. This is important because specific psychiatric symptom states, rather than descriptive syndromes, appear most likely to map onto partic ular brain states (Dolan et aI. , 1994) . It is also im portant because the biological substrate of sponta neously generated thoughts or emotions may differ somewhat from environmentally triggered ones (Frith et aI. , 199 1b) .
If appropriate (frequently symptomatic) patients are selected, the random variability in symptom oc currence and frequency during the 12 critical 30-s time periods over the 2-h study session is usually sufficient to produce a result in single subjects. Even if the temporal spread of events is too small in some subjects, the data obtained from them can be utilized in the group version of the analysis. More than one type of symptom may be imaged in one study session if the symptoms occur with different temporal distributions. This is done by analyzing the images with symptom-specific sets of scores.
These analyses require a signal to mark the tem poral relation of involuntary and randomly occur ring symptoms to each head curve. Electrophysio logic or valid observational techniques are optimal as they do not perturb the naturally occurring pathophysiology that the method allows one to study. Patients who are unable to provide accurate signals should be excluded from studies of purely subjective symptoms unless an electrophysiologic measure is used. If the signal for a mental event is a button press, it need not be a confounding factor in most cases as the brain regions associated with this task are known and can be controlled for. When used with these considerations in mind, the event related count rate method of correlational analysis captures the natural variability in event occurrence with regard to periods of radiotracer delivery and makes use of that variability to identify the brain state associated with the event. This enables the determination of the functional neuroanatomy of neuropsychiatric conditions not previously amena ble to investigation.
The method can also be used for activation stud ies. In this case, variance in the frequency and du ration of events across scans is experimentally in duced. The events may consist of any reproducible perceptual, cognitive, affective, or motor condition. If stimuli or cues are presented to produce the onset and offset of individual events at known times, then a response signal (such as a button press) is not required to determine the timing and duration of events in relation to each head curve. Simultaneous monitoring of appropriate galvanic skin responses, evoked potentials, electroencephalographic activ ity, or magnetoencephalographic activity may also obviate a response signal.
This type of correlational activation study pro vides a reasonable alternative to a subtraction de sign. There is no need for multiple scans consisting entirely of resting or control states. The activated brain state of interest is "dissected out" by the analysis, which utilizes the full range of pixel inten sity data points. This activated state is more phys iologic as it does not rely upon the maintenance of a nonhabituating, artificial cognitive steady state. Moreover, the entire relevant neural network is re vealed. Important components are not subtracted away with control states involving a priori assump tions about serial or hierarchical processing.
When using the method for the study of either transient neuropsychiatric symptoms or neuropsy chological activations, it should be kept in mind that the adjusted rCBF values obtained are usually inte grated values associated with intermittent events and therefore do not represent steady-state activa tion values. Activation and resting/control values for any pixel of significance can, however, be ob tained. This information is provided by the regres sion line relating the rCBF values and scan scores (Fig . . 2) . On this graph, the y-intercept value is the control rCBF for the pixel specified, and the y-value at a score of 1.0 (extrapolated if necessary, repre senting a 100% contribution of events) is the acti vation rCBF for that pixel. The percentage change in adjusted rCBF accompanying neuronal activa tion during events or tasks is given by the slope of the regression line.
Additional information can be obtained by mod ifying the study design or extending the analysis. More than one type of event may be studied in one session by arranging orthogonal temporal distribu tions (hence different sets of scores) for different types of events. It may also be possible to image different components of a sequentially occurring event by utilizing time-shifted scores with carefully designed temporal patterns of task performance. Brain regions that are inhibited or in which rCBF is negatively correlated with events can also be iden tified with the SPM{r} analysis. An individual sub ject may be studied with > 12 scans (for greater sta tistical sampling and power) in one or more ses sions, depending upon local regulations regarding the administration of radioactive substances. Pa tients may thereby be examined in different disease or treatment states. If the same type of event is studied in a number of subjects, the analysis can be performed with the combined data after transform ing the correlation coefficients at each pixel into Z-scores. The resulting combination of individual and group analysis can provide additional informa tion regarding the generalizability of the results and the variant and invariant functional components of the neural systems involved.
SUMMARY
We have described a PET method utilizing high sensitivity 3D scanning with a slow bolus H 2 150 technique that permits the identification in single subjects of neural networks associated with tran sient, randomly occurring neuropsychological events. For each scan in the study session, the method considers only those events occurring dur ing radiotracer delivery as they are the ones that contribute significantly to the image. A score is de rived for each scan, weighting for the amount of radio tracer entering the brain during all of the J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 events in that scan, as a proportion of the total amount of radiotracer entering during the scan. This reflects the relative contribution to the image of those events. The score is computed with net true count rate data from the head curve and with event timing and duration data (in this validation study, from a simultaneously logged pulse generator acti vated by the subject). There is a spread of scan scores over the study session, due to natural or ex perimentally induced variance in the temporal pat tern of events, A pixel-by-pixel, thresholded regres sion analysis is performed on all of the images to identify the pixels with intensities covarying with the scores. These pixels constitute the spatial dis tribution of brain activity associated with the neuro psychological events of interest, regardless of the temporal distribution of the events. The method was validated using an auditory sentence-monitor ing task performed intermittently in a pseudo random temporal pattern by five subjects. The ap propriate brain regions were identified with a high degree of significance in each subject, even when the recurrent events were as brief as 2 s in duration. The calculated rCBF values and changes associated with event activation in these regions were demon strated. This method significantly improves the temporal sensitivity of PET and extends the range of phenomena amenable to PET imaging. It may be used as a means of imaging subjective, involuntary, transient symptom states in individual neurologic and psychiatric patients or as an alternative to sub traction design for neuropsychological activation studies.
